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Characterizinghe InteractionBetweenRoutingand
MA C Protocolsn Ad-hocNetworks

Abstract:  We empirically study the effect of mobility on the performanceof protocolsdesignedor wireless
ad-hocnetworks. An importantobjectie is to studythe interactionof the Routingand MAC layer protocolsunder
differentmobility parameters.We usethreebasicmobility models: grid mobility model, randomwaypoint model,
and exponentialcorrelatedrandommodel. The performanceof protocolsis measuredn termsof (i) lateng, (i)
throughput(iii) numberof pacletsreceved,(iv) long termfairnessand(v) numberof control pacletsatthe MAC and
routing layerlevel. Threedifferentcommonlystudiedrouting protocolsareused:AODV, DSRandLAR1. Similarly
threewell known MAC protocolsareused: MACA, 802.11and CSMA. Our main contritution is simulationbased
experimentscoupledwith rigorous statistical analysisto characterizehe interaction of MAC layer protocolswith
routing layerprotocolsin ad-hocnetworks. Fromtheresults we canconcludethefollowing:

e No singleMAC or Routingprotocoldominatedthe otherprotocolsin their class. Probablymoreinterestingly
no MA C/Routingprotocolcombinationwasbetterthanothercombinationsverall scenarioandresponseari-
ables.

¢ In generaljt is notmeaningfulto speakabouta MAC or aroutingprotocolin isolation. Presencef interaction
leadgto trade-ofs betweertheamountof controlpacketsgeneratethy eachlayer. Theresultsraisethepossibility
of improving the performanceof a particularMAC layer protocolby usinga cleverly designedouting protocol
or vice-versa.

Thusin orderto improvetheperformancef acommunicatiometwork, it isimportantto studytheentire protocol stad

asa singlealgorithmicconstruct optimizingindividual layersin the sevenlayer OSlI stackwill notyield performance
improvementsbeyond a point. A methodologicakontribution of this paperis the useof statisticalmethodssuchas

analysisof variance (ANOVA), to characterizehe interactionbetweenthe protocols,mobility patternsand speed.
Suchmethodsllow usto analyzecomplicatedexperimentswith largeinput spacen a systematiananner

1 Intr oduction

Designof mobile ad-hocnetworks is currently an extremely active areaof research.Mobile ad-hocnetworks lack
a fixedinfrastructurein the form of wireline, or basestationsto supportthe communication.Interestin ad-hocnet-
worksfor mobile communicationiasalsoresultedin a specialinterestgroupfor Mobile, Ad-hoc Networking within
the InternetEngineeringTask Force (IETF). Mobile ad-hocnetworks imposespecificrequirement®n the designof
communicatiorprotocolsat all levels of the protocolsstack. Many MAC layerandrouting layer protocolshave been
proposedanddesignedor ad-hocnetworks. Theseprotocolsneedto fulfill a multitude of designandfunctionalre-
quirementsincluding, (i) High throughput;(ii) Low average latency;(iii) Hetelogeneoudraffic (e.g. data,voice and
video); (iv) Preservationof padket order; and (v) Supportfor priority traffic. (See [RS96 Ra96 Ba9g.) As ad-
hoc networks lack fixedinfrastructuren the form of basestations fulfilling the above statedfunctionalrequirements
becomesll themoredifficult.

A commonlyknown group of MAC protocolsis basedon the carrier sensemultiple acces{CSMA) paradigm.
The ideabehindthis paradigmis to resere transmissiorchannelat the originator (source)by carriersensing.Until
recentlyCSMA basedprotocolssupportednly singlechannelcommunicationput now, multiple channelextensions
have beenproposedNZD99]. Many protocolshave beenproposedo avoid thehiddenterminalproblems.Two notable
examplesarethe MACA [Ka90] andMACAW [BD+94] protocols.MACA introduceda resenationsystemachieved
with exchangeof an RTS/CTS(RequesfTo Send/CleaiTo Send)pair of control paclets. MACAW alsorecognizes



theimportanceof congestionandexchangeof knowledgeaboutcongestiorievel amongentitiesparticipatingin com-
munication. An advancedback-of mechanismwas proposedo spreadinformationaboutcongestion.Furthermore,
thebasicRTS/CTS/DATA resenationschemaasbecomeanRTS/CTS/DS/IATA/ACK schemawith significantlyim-
provedperformanceln theseprotocolsmessageriginatorsresene receptiorareaatthesink by exchangeof RTS/CTS
controlmessagesThisis in contrasto CSMA whereresenationwasdoneat originators. This powerful methodhas
adrawbackof introducingsmall control packetsinto the network thatlater collide with otherdata,control, or routing
paclets. IEEE 802.11MAC standard OP] wasdesignedwith a resenationsystemsimilarto MACA or MACAW in
mind. 802.11hasalsoimproved fairnesscharacteristicshowever, in [LNB98] authorspoint out deficienciesn the
fairnessof this protocol,aswell. Detaileddiscussiorof theseprotocolsis omitted dueto lack of spaceand canbe
foundin [Ra96 BD+94, 802.11.

The role of routing protocolsfor mobile/ad-hometworksis to find the shortestpathfrom the sourceto the sink
of a datatransmission.The quality of theseprotocolsis measuredy the numberof hopsthat datapacletsneedto
reachits destination. Routing protocolsfall in one of the two categories: proactive or reactive Reactve routing
protocolsarealsoreferredto ason-demand Proactve protocolsattemptto maintainroutesto all destinationsat all
times,regardlesof whetherthey areneededinto the secondcatagory belongrouting protocolswhich try to establish
arouteto therecipientwhenit is needed- on-demandExampleof sucha protocolis DSR[JM96] whereinformation
aboutpossibleroutesis doneby flooding the network with routing paclets. Methodsbasedon distancevectos have
beenproposed- DSDV andAODV [PR99. DSDV is derivedfrom the classicaldistributed Bellman-Ford algorithm.
TORA is an exampleof a distributed on-demandouting algorithm. This protocol hasan advantageof localizing
algorithmicreactionwheneer possible. Routeoptimality in this protocolis consideredf secondarymportance.A
comprehensiesunwey of variousroutingprotocolscanbefoundin [RS96. Performanceomparisorof variousrouting
protocolsfor ad-hocnetworkscanbefoundin [BM+98].

In this paper we considerthree well known routing protocols: (i) Dynamic SourceRouting Protocols(DSR)
[IM96], (i) Ad-hoc On-demandistanceVector Routing(AODV) [PR99 and (iii) Location-AidedRouting (LAR)
Schemel [KV98]. Similarly we considertthreewell known MAC layer protocols:(i) CSMA/CA, (ii) MACA and(iii)
802.11.Dueto lack of spacedetaileddescriptiorof theseprotocolsis omittedbut canbefoundin thecompleteversion
of this paper

Many mobility modelsfor ad-hocnetworks simulationshave beenproposed.Theseincludethe randomwaypoint
model[JM96€], randommobility model[ZD97], andexponentialcorrelatedrandommodel(ECRM)[RS98. Thefirst
two specifymovementfor individual nodeswhereaghe ECRmodelis a groupmobility model.It specifieanovement
of a groupof nodesin a correlatedway. This model providesa morerealistic modelfor nodemovement. A more
sophisticatednodelis the RefeencePoint Group Mobility (RPGM)model[HG+99]. See[HG+99, BCSW98,RS96
RS98]for acomprehensie discussiorof othermobility models.

2 Our Contributions

We conducta comprehensie simulationbasedexperimentalanalysisto characterizehe interactionbetweenMAC
androuting protocolsin mobile ad-hocnetworks. Our work is motivatedby the earlierwork by Balakrishnaret.al.
[BS+97, KKB0O] andtherecentresultsby Royer et.al.[DPR0OQ DP+,RLPOQ thatnotetheinterplaybetweerRouting
and MAC protocols. In [DPRO0(, the authorsconcludeby saying— “This observationalso emphasizethe critical
needfor studyinginteractionsbetweerprotocollayers whendesigningwirelessnetworkprotocols”.

This paperaimsto undertale preciselysucha study We employ threedifferentmobility models:(i) grid mobility
modelthatsimulatesnovementof nodesn atown with grid architecture(ii) therandomwaypointmobility modelthat
approximatesnobility in squareareabut the directionalityanddurationis random,and(iii) theexponentialcorrelated
randommobility model [RS9§ that approximatesnovementof groupsof nodesin a squarearea. The modelsare
all qualitatively different. At one extremeis the randomwaypointmovementmodelwith no predictablemovement,
while ontheotherextremeis the ECR modelwherepointsform clustersandtheseclustersmovein fairly deterministic
fashion.Thegrid mobility modelis someavherein themiddle.

Apart from mobility patternswe studythe effect of speedsandinjection ratesof pacletson the systemperfor
mance.Thusourinputvariablesare:



1. Routing protocols: AODV, DSR,LAR1. Thesearedenotedby R;, 1 < i < 3. Thesetof routing protocols
will be denotedby R. The routing protocolswere chosenkeepingin mind the recommendationsnadeby
[DPROQ JL+0Q afterundertakinga detailedexperimentaktudyof recentrouting protocols.

2. Speedof Nodes: 10m/s,20m/sand40m/s! Thesearedenotedoy S;, 1 < j < 3. Thesetof all speedwill be
denotedby S.

3. MAC protocols: 802.11,CSMA andMACA. Thesearedenotedby My, 1 < k < 3. Thesetof MAC protocols
will bedenotechy M. Againthe choiceof theseprotocolsis basedon the studyin [RLPOO, WS+97].

4. Injection rates: low (0.05second)medium(0.025second)andhigh (0.0125second).Theinjectionratesare
denoteddy [;, 1 <1 < 3. Thesetof injectionrateswill bedenotedoy I.

Ourevaluationcriteriaconsistof following basicmetrics:(i) Latency: Averagesndto enddelayfor eachpacletas
measured secondsandincludesall possibledelayscausedy buffering duringroutediscovery, lateng, queuingand
bacloffs, (ii) Total numberof pacletsreceved(andin somecasegaclketdeliveryfraction)(iii) Throughput:Thetotal
numberof uniquedatapacletsrecevedin bits/second(iv) Long term fairnessof the protocols,i.e. the proportional
allocationof resourcegjivento eachactive connectionand (v) Control Overhead: The numberof control paclets
usedby MAC androutinglayers.Eachof theinput parameterandthe performanceneasuresonsideredereis used
in oneof the earlierexperimentalstudiesf DPR0OQ DP+, BM+98, KV98, RLP0Q RS98]. We briefly commenton the
parametershosenn [DPR0OQ RLPOQ sincethetwo studiesareclosesto the onein this paper The authorsconsider
two parametershatwe have notvariedin this simulation: (i) Pausetime in movementmodelsand(ii) total numberof
connections.In our casethe pausetime is always0 andthe numberof connectionave alwaysbeenkept constant.
Ontheotherhand,we vary (i) theinjectionrate,(ii) the movementmodelsand(ii) speedsTheseparamterarekept
constanin [DPROQ RLP0(Q. Basedonthediscussiorin [DPRO(Q, a pausetime of zeroandour injectionrateswhich
startat.05secondandupimply thatour scenariosnight be consideredstressful”. Most of our resultsagreewith their
generalffindingsin thisregime.

Eachcombinationof the input variablecorresponds$o a scenario The total numberof scenariosconsidereds
3* = 81. We ran eachscenariol0 timesto get a reasonablesamplesize for statisticalanalysis. This resultedin
1620runs. We constructed basicexperiments:eachcorrespondingo oneof the mobility models.For eachof these
mobility modelswe have 81 scenariosind1620runs.In our experimentswe make two importantobsenations. (i) All
parametersonsideredereareimportantandcannotbeignored Specifically theresultsshav thattwo andthreeway
interactionsarequite common;moreover, theinteractingvariablediffer for differentresponseariablegperformance
measure).Thusomitting ary of theseparameterss not likely to yield meaningfulconclusions.(ii) The variationin
parametersepresentsealisticpossibilities.Othercloselyrelatedstudieshave alsoconsideregimilar parametersSee
[RLPOO, DPROO,DP+].

Giventhelarge numberof variablesinvolvedi.e. MAC, router, injection rate,nodes’speedmobility andseveral
levelsof eachvariablesijt is hardto derive ary meaningfulconclusiondy merelystudyingplotsandtables.

In orderto effectively dealwith thecombinatoriakxplosion,andto drawv conclusionsvith certainlevel of precision
andconfidencewe resortto well known techniquesn statisticsthat cansimultaneoushand effectively handlesuch
datasets.We setupafactorial experimentaldesignandmeasurgherespons®f 3 importantresponseariablegoutput
metrics). We useanalysisof variance(ANOVA) to performstatisticalanalysis.A methodologicatontribution of this
paperis to usestatisticalmethodgo characterize¢he interactionbetweerthe protocols,mobility patternsandspeed.
Eventhoughit is widely believedthattheseparametermteractin affectingthe performanceneasureto ourknowledge
aformal studysuchasthe oneundertalenin this paperhasnot beenpreviously done. The simple statisticalmethods
usedherefor analysisof network/protocolperformancenodelingareof independeninterestandcanbeusedin several
othercontexts.

While intuitively it is clearthat differentlevelsin the protocol stackshouldaffect eachotherin mostcasesio
the bestof our knowledgea thoroughunderstandin@f this interactionis lacking. The only relatedreferencesn this
directionthat we areaware are [BS+97, KKB0O, RLPOQ DPR0Q DP+]. In [KKB0O], the authorswere specifically

Im/sstandsfor meterspersecond.
2Thestatisticaltechniquesisedin this paperarewell known androutine;but to our knownledgehave notbeenpreviously appliedin our setting.



consideringT CP/IP protocoland have devisedan elegantsnoopprotocolthat conceptuallysits betweerthe transport
layerandthe network layerto overcomethis problem.It alsopoint out how shorttermfairnessof the MAC canaffect
the TCP/IP performancewvhich in turn canaffect the overall performancenf the communicatiorsystem.In [RLPOQ
the authorsconsideregerformancenf routing andthe effect of MAC layerson routing protocols.Our resultscanbe
viewedasfurtheringthe studyinitiatedin [RLPOQ? in thefollowing ways:

1. In [RLPOQ, the authorsconsidera multitude of routing and MAC protocolsas considerechere. But the au-
thorsdid not considersimultaneouslythe effect of injection rates,spatiallocationof connectionsand mobility
modelsin characterizingheinteraction.As our resultsshav eachof theseparameterglay a significantrole in
characterizingnteraction.

2. Statisticaimethoddo characterizendquantifyinteractionsbetweemrotocolshave notbeenconsideregbrior to
this paper Moreover, we characterizéheinteractionnot only betweerthe MA C andRoutingprotocolsbut also
betweerntherinput parameterandshawv thatin mary casesresignificant.

3. In [RLPOQ, the authorsleaveopenthe questionof characterizingthe interplay betweenOn DemandRouting
protocolsand MAC protocols. This papertakesthe first stepin this directionand considersAODV and DSR
(bothof which areon demand-outing protocols).Our findingsshav thattheseprotocolsexhibit differentlevels
of variationsdueto MAC protocols.

4. Finally, the papemotonly aimsto studythe effectsof MAC layeron routing layer but alsostudiesthe effect of
routinglayeronthe MAC layer Theresultsshaw thatthe interactionis both ways: routing layersaffect MAC
layersandMA C layersaffectroutinglayers.

2.1 Summary of Experiment SpecificResults

We first summarizeesultsspecificto eachexperiment.Dueto lack of spacewe have choserto elaborateon the Grid
mobility modelfor statisticalanalysis(Section5) and have chosenECR modelto discussmodel specificempirical
results(Section6). Neverthelesshe overall conclusion®f the statisticalanalysisaresummarizedn Figurel. Details
for the statisticalandempiricalanalysisof the othermodelscanbe obtainedrom the authors.

Experiment 1: Grid mobility model. CSMA andMACA did notperformwell. For MACA, thiswasaccompaniegvith

an extremeincreasen MAC layer control pacletsgenerated.nteractionbetweenMAC androuting layer protocols
is quite apparent.Control paclkets at the routing layer in mary casedailed to deliver the routeto the source. This

was especiallyapparentat higher speedsand agreeswith the earlier experimentalstudies|] DPR0Q DP+, BM+98,

KV98, RLPOQ RS9§. This causedthe datapaclketsto spendinordinateamountsof time in the node buffers and
their subsequentemoval dueto time outs. Numberof control pacletsfor 802.11wasalsoextremelyhigh andvaried
underdifferentrouting protocols.Yetit is fair to saythatit performedsubstantiallybetterthan CSMA andMACA at
low speeds.As for the routing protocols, AODV performedbetterthanDSR, or LAR schemel — demonstratingan
adwantageof distributedrouting (AODV) informationhandlingover centralized DSR).

Experiment 2 Random waypoint model. Thisexperimentllustratedthedifferenceasmeasuredby responseariables
betweermodelsin which movementof nodesis correlatedn someway versusmodelsin which the nodemovement
is by andlarge random. The temporalvarianceof individual nodedegreesandconnectity is quite high. As aresult
the performanceparametergxhibit the worst behaior underthis movementmodelascomparedo othermovement
models. CSMA and MACA performedpoorly. Performancef 802.11dependedn the routing protocolused,and
performedbestwith AODV.

Experiment 3: Exponential correlated random model. ECRM represents mobility modelthatkeepsrelative dis-
tancesof nodeswithin agrouproughly constantMoreover, the nodaldegreeandconnectvity characteristicef nodes
within a groupstayroughly the sameandthis featurepositively influencesperformance Performancef 802.11with

this modelis very good,andperformancef MACA shaws significantimprovementover therandomwaypointmodel.
Performancesf CSMA is againvery poor. The correlatedmovementof nodeswithin a groupfacilitatedrouting and
decreasethe numberof controlpacletsatthe MAC aswell astheroutinglayer.

3We arenotawareof othersuchstudiesin theliterature.



1. Grid Mobility Model

(a) Latency: Significant3 wayinteraction- Routingprotocols,Transcerer (node)speedsndthe MAC protocolsinteract
significantly

(b) Number of packetsreceied: Significant4-way interaction— Routingprotocols,Transcerer (node)speed)njection
rateandthe MAC protocolsinteractsignificantly

(c) Long term Fairness: 2 kinds of 2-way interactions- Routing protocol/MAC-protocoland MA C-protocol/Injection
Ratearesignificant.

2. ECRM Mobility Model

(a) Latency: Significant3 wayinteraction- Routingprotocols,Transcerer (node)speedsndthe MAC protocolsinteract
significantly

(b) Number of packets recevved: All 2-way interactionsexcept Routing protocol/Injectionrate and Routing Proto-
col/Transcerer Speedaresignificant.

(c) Long term Fairness: Only Routing protocolsand MAC protocolsinteract. All otherinteractionsare completely
insignificant.
3. Random Waypoint Mobility Model

(a) Latency: Unlike thefirst two mobility models,thereis no 3-way interactionwhenlateny is usedasthe response
measure. Among 2-way interactions,the only significantonesare MAC protocols/injectionrate, Routing proto-
cols/Transcerer speecandRoutingprotocols/MAC-protocol.

(b) Number of packetsreceired: All 2-way interactionsaresignificant.

(c) Long term Fairness: The only 2-way interactionsthatare significantare MAC protocol/Injectionrate and Routing
protocol/MAC protocols.

Figurel: Brief Summary of Statistical Resultson Interactions BetweenVarious Input Variables.

2.2 Broad Conclusionsand Implications

1. Theperformancef the network varieswidely with varyingmobility models pacletinjectionratesandspeeds;
andcanin factbe characterizedsfair to poordependingon the specificsituation. No singleMAC or routing
protocol,aswell as,no singleMA C/routingprotocolcombinatiordominatedhe otherprotocolsin theirrespec-
tive classacrossvariousmeasure®f performance Neverthelessin generaljit appearghatthe combinationof
AODV and802.11is typically betterthanothercombinatiorof routingandMA C protocols.Thisis in agreement
with theresultsof [DPR0OQ RLPO0O].

2. MAC layer protocolsinteract with routing layer protocols. This conceptwhich is formalizedin Section3 and
5 implies thatin generalit is not meaningfulto speakabouta MAC or a routing protocolin isolation. See
Figure 1 for a summaryof resultson interactions.Suchinteractiondeadto trade-ofs betweenthe amountof
control pacletsgeneratedy eachlayer More interestingly the resultsraisethe possibility of improving the
performancef aparticularMAC layer protocolby usinga cleverly designedouting protocolor vice-versa.

3. Routingprotocolswith distributed knowledgeaboutroutesare more suitablefor networks with mobility. This
is seenby comparingthe performanceof AODV with DSR or LAR schemel. In DSR andLAR schemel,
informationabouta computedoathis beingstoredin the routequerycontrol paclet.

4. MAC layer protocolshave varying performancewith varying mobility models. It is not only speecdthatinflu-
enceghe performancebut alsonodedegreeand connectvity of the dynamicnetwork that affectsthe protocol
performance.
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3 Characterizing Interaction

An importantresearclguestionwe studyis whetherthefour factorsi.e. routing protocol,nodes’speed MAC protocol
andinjectionrateinteractwith eachotherin a significantway. Of particularinterestis to characterizehe interaction
betweerthe MA C andtherouting protocols.

Variable Interaction.  Statistically interactionbetweentwo factorsis saidto exist when effect of a factoron the

responseariablecanbe modifiedby anotherfactorin a significantway. Alternatively, in the presencef interaction,
themeandifferencedetweerthelevelsof onefactorarenot constanticrosdevelsof theotherfactor Weillustratethis

by a simpleexample. Supposeave wantto know if injectionrateandspeedof nodesinteractin affectingthe number
of pacletsreceived. The dependenbr responseariableis the numberof padcetsreceived The Independentariables
(factors)areinjectionrateandspeedf nodes Thegoalis to testif thereis interactionbetweerinjectionrateandspeed
of nodes.

Our main concernis notif the numberof pacletsreceved differs betweendifferentspeedevels or whetherthe
numberof paclketsreceved differs betweenlow and high injection rates. Our main concernis to determineif one
injection rate performsrelatively better(in termsof numberof pacletsreceved) thanthe otherfor differentspeed
levels. In otherwords, is thereinteractionbetweeninjection rate andthe speedof nodes. If the differencebetween
the meannumberof pacletsreceivedis the samefor all speedevelsfor bothinjection rates,thereis no interaction
betweerinjectionrateandnodes’speed Figure2(a) shavs absencef interactionbetweertheinjectionrateandspeed
of nodes.

However, if themeandifferencan numberof pacletsrecevedfor differentspeedevelsis significantlydifferentfor
high injectionratesversudow injectionrate,aninteractionbetweerninjectionrateandspeedof nodesis saidto exist.
Figure 2(b) shavs the presencef interactionbetweenthe injection rate and speedof nodes. Table 1 illustratesthe
conceptvia thedatacollectedfrom our simulations.Thefirst threerows of thetableshav thatthe differencebetween
the meanvalue of paclketsreceved at high andlow injection ratesis very differentfor the threespeedevels. The
F-testwhichis explainedlaterfindsthis differenceto be statisticallysignificantandhencewe concludethatspeedand
injectionratesinteractwhennumberof pacletsis usedastheresponseariable.In otherwords,onecannotexplainthe
variationin numberof pacletsby consideringeachof theseparametermdividually; someof thevariationis dueto the
combinationof thevariables.The secondpartof Table1 shavs the meanvalueof lateng. Thedifferencein themean
valueof lateng at high andlow injectionratesis insignificantaccordingto the F'-testat differentspeedevels which
impliesthatthereis no interactionbetweerspeedandinjectionrateswhenlateng is usedastheresponseariable.

Algorithmic Interaction. Theinteractiondiscusse@boveis betweertwo variablesandis measuredv.r.t. aresponse
variable(e.g. lateng). We call this the variable-\ariableinteraction. In the context of communicationnetworks,
we alsohave anotherkind of interaction— algorithmicinteraction. Suchan interactionexists betweentwo protocols
(algorithms)operatingat individual transcever nodesof acommunicatiometwork. Herewe usetheword interaction
to meanthatthe behavior (semanticspf a protocolata givenlayerin the protocolstackvariessignificantlydueto two
differentprotocolsabove or below it in the protocolstack.Notethatin contrastspeedandinjectionratesarevariables
andthe value of oneremainschangedvhenwe changethe value of the other Algorithmic interactioncanbe more
subtle.First,thechangedn aresponseariablenow is aresultof thecomplicateccausaldependencielsetweerthetwo



Speed| Low Inj [ HighInj | Diff in High-Low Inj.
MeanNumberof PacketsRecd.
10m/s| 28.17 12.52 15.65
20m/s| 18.51 8.39 10.12
40m/s| 11.12 4.74 6.38
MeanValueof Lateng
10m/s| 0.61 0.81 0.20
20m/s| 1.21 1.28 0.07
40m/s| 2.02 191 0.11

Table 1: This table shovs the meanvalueof the responsevariablefor high-low injection ratesanddifferentspeedof
the nodes. The interactionis found to be significantin caseof responsevariablenumber of packets receved but
insignificantin caseof latency.

protocolsA and B thatmutually affect eachother Secondsomeof the effectsof this interactionmight be measurable
while othereffectsmight not be directly measurable For instance jn caseof routing protocolsalthoughthe routing
pathsneednot have commonnodes,they might causeinteractionbetweentwo MAC protocolsoperatingat distinct
transceversthat arenot neighborsasa resultof long rangeeffects. Theseeffectscantypically be producedhrough
intermediatesequencef routing paths.To make mattersmorecomplicateda routing protocolata givennodeinteracts
with arouting protocolat anothemode. Thuswe have interactionbetween:(i) two routing/MAC protocolsrunningat
two distinctandnot necessarilyadjaceninodesand(ii) a MAC andarouting protocolrunningat the sameor distinct
nodes.We illustratethis via our simulationexperiments.

Example 1: Considerthe following settingillustratedin Figure 3(a). We have shown threepathsfrom 1 to 2 and
similarly threepathsfrom 3 to 4. Thepathsl — 6 — 2 and3 — 5 — 4 arecompletelynon-interfering.Pathsl — z — 2

and3 — x — 4 sharethe nodex andthusclearlyinterfere. The pathsl — y — 2 and3 — z — 4 areinteresting.These
pathsdo notsharenodesbut influenceeachotherin thaty andz cannotsimultaneouslyransmit. Thisis dueto thefact
thatunderthe radio propagatiormodel,nodesy andz cannot simultaneouslyransmit. Figure 3 (b) shavs a simple
grid. We have two connectionsbothrunningfrom left to right. Oneconnectioris at thetop of the grid andthe other
connectioris atthe bottomof thegrid. (A) An exampleof asituationwhentheroutingprotocolfoundtheshortespath.
Thus,therewasno interactionbetweerthe two pathsshovn with the actualhops. The MAC layertransmittedL,000
pacletsperconnectiorandthe lateny was0.017s.(B) lllustratesa situationwhenthe routing protocolfoundaroute
thatis really bad. The pacletsrecevedwere?2 for the upperconnectiorand993for thelower connection.Thelateng

was0.17sfor theupperconnectiorand0.014sfor thelower connection (C) This shavs situationthatliesin between
the previoustwo situations.Packetsrecevedfor the upperandlower connectionsvere425and983respectiely. The
lateng for the upperconnectionvas0.028secondsandfor thelower connectiorD.0175seconds.

Example 2: We show the interactionbetweenMAC androuting layer. Theinteractionis measuredy the variation
in the numberof control paclets generatedy eachlayer We usedtwo routing protocols: AODV and DSR. The
MAC protocolsusedwere MACA and802.11. Interestingly quantifying CSMA interactionis someavhat harderto

measuresinceit doesnot generateary control packetsper se.We could have usedthe numberof back-ofs asa proxy
variablethough. For illustrative purposesthe experimentsnveredoneon a staticgrid. This is donesinceit allows us
to show a spatialdistribution of control pacletsandthusargue aboutlong rangeinteractions.The network is shavn

in Figure 3(c). Thereis a transmitterat eachgrid point and eachtransmitterhasthe samerange. Figure shavs the
rangefor oneof the transmittervia a dottedquartercircle. Therearetwo connections.The first connectionstartsat
node(1,0) andendsatnode(1, 6). The secondconnectiorstartsat node(5,0) andendsat node(5, 6). We consider
four combinationobtainedby usingMACA and802.11asMAC protocolsandAODV andDSR asroutingprotocols.
Figure4 shows two differenttypesof plotsonefor eachcombination(8 plotsin total). The quantitiesplottedare: (i)

distribution of MAC overheadpacletsand(ii) distribution of Routingoverheadpaclets. Fromthe figuresit is clear
thatthe differentcombinationyield differentlevels of overhead.This phenomenotecomesnore pronouncedn the
presencef mobility; the aim of the exmapleis to explain the basicidea. We have alsoplotteda spatialdistribution of

thesecontrol pacletsdepictingthe control pacletsproducedat eachnode. Figure5 shovs examplesof MAC/routing
overheador threedifferent(MAC, Routing)protocolcombination.Thesquaregrid is representeth the (X, Y)-plane
andthe the heightof the barsdenoteshe averagenumberof MAC/Routingcontrol pacletsgeneratedver 10 runs



at eachtransceier. Interestingly asthe figuresshaw, the routing protocoltries to discover non-interferringpaths.
The otherplotsareomitteddueto lack of spaceandcanbe obtainedirom the authors. Theresultsclearlydemonstrate
protocollevel interaction.They alsoshaw thatthespatialdistribution of theoverheadaclketsvary; thisaspects harder
to demonstratdéor dynamicnetworks. This includesthe numberof overheadpacletsandthe pathsusedto move the
paclets.
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Figure3: (a) and(b): lllustrationof Examplel. (a) lllustratingschematicalljthe effect of routingpathson MAC layer
protocols.(b) Figureillustrating the differentpathsusedby a routing protocol. (c) Setup for Experiment2. Thefirst
figure schematicallyillustratesthe connectvity of the graph.For clarity only theedgesncidentonthenode(0, 0) are
shavn. Thedottedarcshovs thetransceier’sradiorange.
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Figured: Figureshaving the MA C androuting overheadpacket distribution for Example2. The network is asshovn
in Figure3 (c). Eachfigure consistof four plots: onefor eachMA C/routingprotocolcombination.Theleft plot shovs
the MAC overheadpaclet distribution, theright plot shavs therouting overheadpaclet distribution.

The resultsshov that the routing protocol cansignificantly affect the MAC layer protocolsandvice-versa. The
pathstaken by the routing protocol, induce a virtual network by exciting the MAC protocolsat particularnodes.
Corversely contentionat the MAC layer cancausea routing protocolto respondoy initiating new routequeriesand
routing table updates. Combinedwith the resultsof [KKB0O, RLP0Q, our resultsshowv that discussionaboutthe
performanceof a MAC or a routing layer cannottypically be carriedout without putting it in context of the other
protocolsin the stack. Moreover giventhe randomizechatureof the protocolsandconstanimovementof transcevers
in anad-hocervironmentmakesthe problemof engineeringheseprotocolssignificantlyharder

4 Experimental Setup

Wefirst describethe detailsof the parametersised.The overview of the parametersanbefoundin Figure®6.
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Figure5: Figure shoving the spatialdistribution of the control overheadfor Example2. The network is asshovn

in Figure 3 (c). All the plots are for injection rate of 0.025seconds. Left: Resultsfor MAC layer overheadfor

(802.11,/0DV). Center: Resultsfor MAC layer overheadfor (MACA,AODV) combination. Although the number
of MAC overheadpaclets appeardow, it is becausdhe percentagef paclets deliveredusing this combinationis

substatialljjowerthanwhatis deliveredusing(802.11,A0DV) combination Right: Resultdor Routinglayeroverhead
for (802.11,A0DV) combination.

4.1 Measuresof Performance

The independentinput) variablesare the routing protocol, MAC protocol, nodes’ speedand the injection interval
for the paclets. The following five piecesof information (also called the dependenwariable)were collected: (i)
Lateng: Averageendto enddelayfor eachpacketasmeasuredn seconds(ii) Total numberof pacletsreceved, (iii)
Throughputin bits/second(iv) Adjustednumberof control pacletsat MAC layer level per 1,000datapaclets? (v)
Total numberof control pacletsat routing layerlevel.

4.2 Measuring averagelLatency, Throughput and Fairness

Apart from latengy and pacletsreceived that are plottedfor eachconnection(recall for mostpart we dealwith two
connections)wealsoreporttheaveragenehaior of theprotocols.We briefly describehemethodusedto calculatehis.
Averagethroughputandaverageateng is simply the averageover 20 runsof eachprotocolover thetwo connections
(10for eachconnection) For fairnessletr = p; /p, denotetheratio of pacletsrecevedfor agivenrun of the protocol
for thetwo connectionsThen|r —1| denoteghedeviation of the protocolfrom perfectlyequitableallocation® Average
fairesss Y'=,° r;, wherer; is the above statedratio for the ith run of the protocol.

4.3 Mobility Models

Grid Mobility Model: The setupof this experimentis a grid network of 7 x 7 nodes.The grid unit is 100 meters.
Thereare49 nodesthatarepositionedonthegrid. SeeFigure7(a). The mobility modelfollows movementin anarea
with grid architecturej.e.,nodesat (¢, j) move only to oneof the 8 adjacengrid sites.If anodereachesboundaryit
is reflectedbackandcontinuego move with thesamespeed L et thenodelDs rangefrom 0 to 48; the IDs areassigned
row wise startingfrom thetop andfrom left to right.

The movementof the nodesis describedquite simply. Let0 < k£ < 48. Nodesbelongingto the equivalence
class0 = k(mod 4) startmoving to the South,nodesbelongingto theclassl = k(mod 4) startmoving to the North,
nodesbelongingto theclass2 = k(mod 4) startmoving to the Eastandnodesbelongingto theclass3 = k(mod 4)
startmoving to theWest.Whenanodereachesheendof thegrid, movemenbf thenodeis reversed.Thisis essentially
reflectingthe boundaryconditionasopposedo periodicboundaryconditionusedin mary othercontexts. We run the
simulationwith threedifferentnodespeeds10 m/s,20 m/s,40 m/s.

4We adjustedhe numberof controlpacletsatthe MAC layerlevel to the numberof datapacletsinjected. This meanghatthe numberof control
pacletswasdivided by afactorof two attheinjectionrateof 0.05secondpy afactorof four attheinjectionrateof 0.025secondandby afactorof
eightattheinjectionrateof 0.0125second.

5We take theabsolutevaluesincetheratio could be greaterthanor lessthan1 dependingon which particularconnectiorgot moreresources.
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. Network Topology: We describethe experimentspecifictopologiesin respectie sections.
. Number of connections:We usetwo connections.

. Routing protocols: AODV, DSR,LAR schemel.

. Movementof nodesat 10 m/s,20 m/s,40 m/s.

ga A W N P

. Theinitial paclet sizewas 256 bytes,the initial numberof paclets was2,000,andthe initial injection interval was0.05
second.Eachtime theinjectioninterval wasreducedby a factorof 2, we alsoreducedthe paclet sizeby a factorof 2 but
increasedhe numberof pacletsby afactorof 2. For example,if the injectioninterval washalvedto 0.025secondshen
thenew paclet sizewas128bytesandthe nev numberof pacletswas4,000. This allowed usto keeptheinjectionatinput
nodesconstanin termsof bits persecond.

6. The bandwidthfor eachchannelwassetto 1Mbit. Otherradio propagatiormodeldetailsare asfollows: (i) Propagation
path-lossmodel: two ray (ii) Channelbandwidth:1 Mb (iii) Channelfrequeng: 2.4 GHz (iv) Topography:Line-of-sight
(v) Radiotype: Accnoise(vi) Network protocol: IP (vii) Connectiortype: TCP

7. Simulator used: GlomoSim.

8. Thetransmissiomangeof transcerer was250 meters.

9. Thesimulationtime was100seconds.

10. Hardwareusedin all casesvasaLinux PCwith 512MB of RAM memory andPentiumlll 500MHzmicroprocessor

Figure6: Parametersisedin the Experiments.

Random Waypoint model: Thesetupof this experimentis againa grid network of 7 x 7 nodes.Thegrid unitis 100
meters. Thereare 49 nodes(numbered to 48) thatare positionedon the grid. In this modelnodesmove from the
currentpositionto a new randomlygenerategbositionat a predetermine@dpeed After reachingthe new destinatiora
new randompositionis computed.Thereareno stop-overs,i.e., nodesstartmoving immediatelyto a new destination.
This setupis depictedn Figure7(b).

ECRM Model: The setupof this experimentis an areaof 600 x 600 metersonto which we uniformly randomly
position49 nodes.Let the nodesbe numberedrom 0 to 48 in the orderthey arepositionedontothe grid. We divide

the nodesinto four groups. Nodesbelongingto the class0 = & (mod 4) form the first group, nodesbelonging
to the class1 = k (mod 4) form the secondgroup, nodesbelongingto the class2 = k (mod 4) form the third

group,andnodesbelongingto the class3 = & (mod 4) form the fourth group. The setupis shown in Figure 7(c).

The four groupsfollow the exponentialcorrelatedrandommodel describedby an equationof the form x(¢t + 1) =

x(t)el=Y7) + 5.0 -r-+/1—e(=2/7) where:(i) x(t) is the position(r, o) of agroupattimet, (i) 7 is atime constant
thatregulatesherateof change(iii) o is thevariancethatregulateshe varianceof change(iv) s is thevelocity of the
group,and(v) r is gaussiamandomvariable.Let -y; bethe orientationof the velocity vectors for thei-th group. The
orientationis assignedasfollows: thefirst group- south,the secondgroup- north, the third group- east,the fourth

group- west. Shoulda nodereachboundariesof the areaits orientationis reversed. After all nodes’orientationis

reversedthe groupstartsmoving to the oppositedirection.

5 Statistical Analysis

We setup a statisticalexperimentto evaluatethe performancef thefollowing four factors;the MA C protocol,routing
protocol, the injection rate and the speedat which the nodesare moving in the network. Eachof thesefour factors
(variableshavethreelevels(valuesthevariablegake). Thevariablesandtheir levelsaregivenin Section2.

In our analysis,we analyze|f the four factors,interactin their effect on the performanceneasure.We perform
threedifferentanalysis,onefor eachperformanceneasureo obsene the interactionamongfactors. We performa
differentsetof experimentsor eachof the mobility models.Our generaimplicationsaresummarizedn Figurel.
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Figure7: (a) Grid mobility and(b) RandomwWaypointModels.We position49 nodesontoa 7 x 7 grid. Thenodesare
numberedrom thetop left cornerin rowwiseorder Thefigure givesanexamplefor four chosemodes Movementor
othernodesis not showvn. Therearetwo connectionsthefirst onefrom thetop left cornerto the bottomright corner
andthe seconnefrom thetop right cornerto thebottomleft corner (¢c) Exponentiakorrelatedandommobility. We
position49 nodesuniformly ontoa 600 x 600 metersarea.Thenodesarenumberedn the ordertheir randomposition
is computed.The startmovementdepend®n assignmenbf thefour groups.

5.1 Experimental Setupfor the Statistical Analysis

Eachsetof experimentutilizesthreedifferentcombinationof MAC, router, injectionrateandthe speedthusyielding
3* = 81 differentscenarios. Our performancematrix consistsof threemeasures.e. lateng, numberof packets
recevedandthelongtermfairness.

Approach We first constructa matrix of 4 dummy variables. For eachfactorwe createa dummy variable. This
variabletakesavaluel, 2 and3 for thethreelevels of thefactor For example,thedummyvariablefor MAC protocol,
takesavaluel wheneer802.11is beingusedto calculatehe performancenatrix, value2 whenezer CSMA protocolis
beingusedandvalue3 whenerer MACA is beingusedto calculatethe performancenatrix. For theroutervariable the
dummytakesa valueof 1 whene&rer AODV protocolis beingusedandvalue2 wheneer DSRis beingusedandvalue
3 whenever LARL1 is beingusedto calculatethe performancematrix. Similar dummiesare createdfor the injection
rate andthe speedvariables. To detectinteractionsbetweenthe factors,we usea statisticaltechniqueknown asthe
analysisof variance(ANOVA).® ANOVA is usedto studythe sourcesf variation,importanceof differentfactorsand
their interrelations.lt is a usefultechniquefor explaining the causeof variationin responsevariablewhendifferent
factorsareused.The statisticaldetailsdiscussedbelow areroutineandareprovidedfor the corvenienceof thereader
For moredetailson thetechniquesusedin this analysisreferto [GH96, Ron9(. Giventhatwe have four factors,we
usea four factorANOVA.

Mathematical Model: Theappropriatanathematicamodelfor afour factorANOVA is asfollows:
Yijklm = b+ a; + /Bj +y+ 6+ (aﬂ)i]‘ + (a’y)ik + (a‘s)u + (5')’)]‘1@ + (/85)1'1 + ('Y‘S)kl
+(aﬂ'7)ijk + (aﬂ(s)ijl + (a’y(S)ikl + (575)3'191 + (QIB'Y‘S)UM + Eijkim
where

1. yijrim is themeasuremendf the performancevariable(e.qg. lateng) for theit® routing protocol,jt* speedkt®
MAC protocolandit” injectionrate.

2. m isthenumberof runs/samplewhichis 20in our experiment.

3. o; is the effect of routing protocol, 8; is the effect of the speedof nodes;y, is the effect of the MAC protocol
andd; is theeffectof theinjectionrateon the performanceneasures.

4. The two way interaction terms measurehe interactionpresentetweenpairs of variables(z,y) andareas
follows:

(@) (ap);;: (routingprotocol,speecbf thenodes);

SANOVA is alinearmodel. Therearealternatves availableto ANOVA which canhandlemuchmore comple statisticalproblems.Bayesian
inferenceUsing Gibbs Sampling is one suchnono-lineamethodwhich performsBayesiananalysisof comple statisticalmodelsusingMarkov
chainMonte Carlo(MCMC) methods ANOVA sufficesfor the purpose®f the conclusionghatwe aim atdrawing in this paper
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(b) (av),: (routingprotocol, MAC protocol);
(© (
(
(

ad) ;- (routingprotocol,injectionrates);
(d) (87); (nodes’'speedMAC protocol);

&) (89),

)., (nodes’speedinjectionrates);
(f) (v6),,, (MAC protocols,njectionrate).

5. Thethreeway interaction terms measurehe interactionpresenbetweertriples of variables(z, y, z) andare
asfollows:

(@) (aBy ik (routing protocol,nodes’speed MA C protocol);
(b) (aﬂé)iﬂ: (routing protocol,nodes’speedijnjectionrates);
(c) (ad),,: (routingprotocol, MAC protocol,injectionrates);
(d) (879) ;4 (nodes’speedMAC protocol,injectionrates).

6. Thefour way interaction term (aﬂy&)ijkl measureshefour way interaction:(routing protocol,nodes’speed,
MAC protocol,injectionrate).

7. Finally, €;;xim is therandomerror.

A scenarias a particularcombinationof MAC protocol, routing protocol, nodes’speedand injection rate. For
example,CSMA, AODV, 10m/sandlow injection rate would form one scenario.For eachscenariowe generate20
runs/samplefor theanalysis.

Model Selectionand Inter pretation: Themodelselectiormethodconsideredhereis calledthe stepwisanethod.This
methodassumesninitial modelandthenaddsor deletedermsbasedn their significanceo arrive atthefinal model.
Forward selectionis a techniquein which termsare addedto an initial small modelandbadckward eliminationis a
techniquen whichtermsaredeletedrom aninitial largemodel. Ouranalysisuseghemethodof badkward elimination
whereeachtermis checledfor significanceandeliminatedif foundto beinsignificant.Our initial modelis thelargest
possiblemodelwhich containsall thefour factoreffects. We theneliminatetermsfrom theinitial modelto eventually
find thesmallesimodelthatfits thedata. Thereasorfor trying to find thesmallesipossiblemodelis to eliminatefactors
andtermsthatarenotimportantin explaining the responsevariable. After eliminatingredundanfactors,it becomes
simplerto explain the responsevariablewith the remainingfactors. The smallermodelscannormally provide more
powerful interpretations

To testfour way interactionbetweerthe MAC, routing protocol,nodes’speedandinjectionratesin effectingthe
responsevariable,we performthe four factor ANOVA usingthe abore mathematicamodel. This is alsocalledthe
full/saturated modelsinceit containsall 1-way, 2-way, 3-way and4-way interactions.After runningthis model,we
calculatethe residualsum of square$ andreferit by SS(14), which standsfor residualsum of squaredor model
numberl4. The degreesof freedon? is referredoy DF(14). Now we dropthe 4-way interactiontermi.e. (aBY0) 1
andrerunthe ANOVA model. The resultantmodelhasnow only have 1-way, 2-way and 3-way interactionterms.
Fromthis model,we cancalculatethe residualsumof squaregor model13,i.e. SS(13) anddegreesof freedomfor
modell3, DF(13). We now comparenodel14 with model13to find outif the4-way interactionis significant.If the
F-statisticturnsout to beinsignificant,we cansaythat 3-way interactionmodeli.e. modelnumberl3 canexplain the
responseariableaswell asmodel14. Thisimpliesthatmodel14 canbedroppedoff withoutloosingary information.
Next wetestfor eachtermin modell3andcheckwhichonesaresignificant.Any termthatis notimportantin affecting
theresponsevariablecanthenbe droppedoff. Thisis achievedby droppingeach3-way termoneatatime andthen
comparingthe resultingmodelwith model13. In our tables,model9 to 12 arebeingcomparedvith modelnumber
13. If the F'-statisticis significantafter droppingoff the term, it implies that the term that was droppedoff playeda
significantrole and henceshouldnot have beendropped. After checking3-way interactionswe compareall 2-way
interactionmodel (model8) with all 3-wayinteractionmodelto seeif thereis a smallermodelthat canfit the data
aswell asthe 3-way interactionmodel. Justlike the 3-way model,we thendrop off oneterm at a time from model
8 andcomparethe nev modelswith model8 to find out which of the 2-way interactionsare mostsignificant;in the

"For a regressionmodel, Y; = o + BX; + e;, theresidualaree; = Y; — a — SX; andthe residualsum of squaress Ei(ei)2 =
Ez(Yz —a— ,3X1)2

8Thenumberof independenpiecesof informationthatgo into the estimateof a parameters calledthe degreesof freedom.
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Respons&/ariable Lateny Num. of PacketsRecd. Fairness
No. | Interaction Source SS DF F-test SS DF F-test SS DF | F-test
1 All 1-way [R][S][M][I] 87879 | 1611 | 7.01* 354609 | 1611 | 92.28* 7.3 x 107 | 801 | 3.35*
2 2-way [RS][RM][RI|[SM][SI] 80071 | 1591 2.9 283870 | 1591 | 347.24* | 6.8 x 107 | 781 | 4.63*
3 2-way [RS|[RM][RI|[SM][M]I] 79705 | 1591 1.07 166571 | 1591 4.87* 6.7 x 107 | 781 2.47
4 2-way [RS]|[RM][RI|[SI|[MI] 82480 | 1591 | 14.98* | 189797 | 1591 | 72.66* 6.7 x 107 | 781 2.34
5 2-way [RS][RM][SM][SI][MI] 79541 | 1591 0.24 172840 | 1591 | 23.16* 6.6 x 107 | 781 0.60
6 2-way [RS][RI|[SM][SI|[MI] 83689 | 1591 | 21.05* | 199212 | 1591 | 100.14* | 6.9 x 107 | 781 | 8.80*
7 2-way [RM][RI|[SM][SI|[MTI] 79857 | 1591 1.83 166835 | 1591 5.64* 6.6 x 107 | 781 1.29
8 All 2-way | [RS]|[RM][RI|[SM][SI|[MI] | 79492 | 1587 1.41 164903 | 1587 9.69* 6.6 x 107 | 777 1.06
9 3-way [RSM][RSI|[RMI] 77310 | 1563 0.17 156619 | 1563 | 26.67* 6.3 x 107 | 753 0.62
10 3-way [RSM][RSI|[SMI] 77512 | 1563 0.68 140957 | 1563 3.81* 6.3 x 107 | 753 0.64
11 3-way [RSM][RMI]|[SMI] 77377 | 1563 0.34 141359 | 1563 4.40* 6.4 x 107 | 753 1.06
12 3-way [RSI|[RMI|[SMI] 79012 | 1563 | 4.44* 140992 | 1563 3.86* 6.4 x 107 | 753 1.93
13 | All 3-way [RSM][RSI|[RMI|[SMI] 77240 | 1555 0.65 138342 | 1555 4.76* 6.3 x 107 | 745 0.80

14 | All 4-way [RSMI] 76718 | 1539 131816 | 1539 6.2 x 107 | 729

Table2: (Experiment 1), Grid Mobility Model: This tableshows resultsof four-factorANOVA wherethefactorsare
the routing protocol,nodes’speed MA C protocolandthe injectionrate. The responsevariablesor the performance
measuesare the lateng, numberof pacletsreceved andlong term fairness. Note that the degreesof freedomfor

the fairnessmeasurds smallerthan the othertwo measures.This is dueto the fact that the long term fairnessis

calculatedby taking the ratio of pacletsreceved for the two connections.Hence20 runs/sampleseadto only 10

actualmeasurement®r fairness« shavs thatthe F-testis significantat 99% confidencdevel.

tables,model2-7 arebeingcomparedvith model8. We continuewith the eliminationprocesdill we find thesmallest
possiblemodelthatexplainsthe data.

The sum of squaresdegreesof freedomandthe F'-testvaluefor eachof the modelsis shavn in the Table 2.
Interactioncolumn shavs which interactionsare includedin the model. Finally the F-testis calculatedusing the
following statistic:

SS(a) — SS(b)/DF(a) — DF(b)
SSfuit/ DFpun

where SS(a) is the sumof squaresesidualsfor modela and SS(b) is the sum of squaregesidualsfor model b.
Similarly DF(a) is thedegreesof freedomfor modela and D F(b) is the degreesof freedomfor modeld. The SS¢.uu
is the sumof squaregesidualsfor the full model (largestmodel)i.e. the modelwith all the four interactionterms.
DFyyy is thedegreesof freedomfor the full model.

F =

5.2 Grid Mobility Model Results(Experiment 1)

Performancemeasue: Latency In Table2, we shav the resultsfor the Grid Mobility modelusinglateng asthe
performancameasure.We startwith aninitial modelwith all the 4-way interactionsand compareit with all 3-way
interactionamodel. Model 14 is beingcomparedvith model13. The F'-statisticof 0.65 showvs thatthe model13 fits

the dataaswell asmodel14 sothe four way interactionis not significantin affectingthelatengy measure Similarly,

we try to find all significant3-way interactionsby droppingeach3-way term one at a time. Looking at the F-test
resultsof modelnumber9 to 12, we find model12 to be the mostsignificant. Fromthatwe concludethattherouter,

nodes’'speedandthe MA C protocolinteractmostsignificantly Note thatthis wasthe combinationthatweredropped
off from model12. To find outif thereis a smallermodelthatcanfit the dataaswell asthe 3-way interactionmodel,
we furtherlook at the 2-way interactionmodels. The F'-testvaluesconcludethat the mostsignificantinteractionis

betweenthe routerand MAC. The othermostsignificant2-way interactionis betweemodes’speedand MAC. The
restare all insignificant. This shavs that the 3-way interactionbetweenthe router nodes’speedandthe MAC are
dueto the 2-way interactionbetweerrouterMA C andspeed-MAC. Thereis no interactionbetweerrouterandnodes’
speedasfarastheeffect on lateng is concernedNow we createa modelwith only the 2-way significantinteraction
termsandcomparet with a modelcontainingonly the 3-way significanttermsto find the smallestmodelthatfits the
data.If the F'-testfor thesetwo modelsturnsoutto be significantwe concludethatthese3-way interactionscannotbe
explainedby the 2-way modelandhencecannotbe droppedoff. Our resultsfind thatto betrue,implying thatindeed
thesmallestpossiblemodel,is the 3-way [RSM] model.
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Performancemeasue: Numberof padetsreceived. Columns?, 8 and9 in Table2 shav the ANOVA resultsfor the
response&ariable“packetsreceved”. Theinterpretatiorof theresultsis similarto theresponseariable“latency”. The
interactionresultsshow significant4-way interactionbetweertherouter, nodes’speedMAC andtheinjectionratein
explainingthe numberof pacletsreceved. The 4-way interactionautomaticallyimpliesthattheremustbe significant
2-wayand3-wayinteractiongpresentoo, althoughit doesnotimply thatall smallermodelswill besignificant.A closer
look in our case however showvs thatall smallermodelswith 3-way and2-way interactionaresignificant. Amongthe
2-way interactions,F'-test shavs that the MAC and injection ratesinteractmostsignificantly The router and the
MAC alsointeractvery significantly In 3-way interaction,it is the router MAC andinjectionratethatinteractmost
significantly The 3-way interactionresultsare consistentvith the 2-way resultsbecausehey all pointto interaction
betweenrouter, speedandthe injectionratein affecting the numberof pacletsreceved. In this case,the smallest
modelhasall four factors[RS M I] interactingsignificantly
Performancemeasue: Long TermFairness. Thelastthreecolumnsof Table2 shavsthe ANOVA resultsfor various
modelsusinglong termfairnessasthe performanceneasureTheinitial setupfor a four way interactioneffect of the
factorson the fairnessmeasuras doneasexplainedbefore. The only exceptionis that now we have 10 runsinstead
of 20 for eachof the 81 scenariosnentionedabove? The resultsshav that both 4-way and 3-way interactionsare
insignificantin affecting the fairness.Looking at the resultsof 2-way interactionsbetweenthe factors,we find that
therouterandMA C protocolinteractin the mostsignificantway in affectingthefairnessTheinteractionbetweerthe
MAC andinjectionrateis alsosignificantbut not to the extentof routerandMA C interaction.In this casethe smallest
modelhasonly [RM][M I] 2-way interactionterms.

Dueto lack of spaceijt is not possibleto shawv the detailsof the statisticaltestson ECR andthe randomwaypoint
mobility model. Statisticalresultsfor the othertwo modelscanbe obtainedfrom the authorsuponrequest.However,
thesummaryof theresultsfor all thethreemobility modelsis shovn in Figurel.

6 SpecificResultsfor ECR Model

We briefly explainspecificresultsfor onemobility model. We have choserECRmodelsincewe have alreadydiscussed
someaspectf grid mobility modelin the previous section. Due to lack of spacethe detailson the other mobility
modelsareomittedherebut canbe obtainedfrom theauthors.

ECRM representa mobility modelthatkeepstherelative distance®f nodeswithin a grouproughly constantLet
G, bethei-th groupin our setting,andlet S; be the setof nodesthatbelongto the groupG;. Thenary two nodes
a,b € S; thathave acommonedge(a, b) attime ¢ will alsohave acommonedgewith high probability, attime ¢ + k,
k = (0,ST), ST is the simulationtime. This factfacilitatesrouting andtherearelower requirementon the MAC
layerprotocolsaswell. Interactionamongthefour groupsinfluenceghe behaior to amuchbiggerextent.

We male the following obsenations. Many of theseobsenationstendto agreewith the conclusionsgn [DPR0OQ
RLPOQ qualitatiely.

e CSMA andMACA do not performwell atall. Both CSMA andMACA areableto deliver no morethan20%
of the total paclets, the percentagelropswith increasedspeedsandinjectionrates. In addition, MACA also
producesugenumberof MAC level control paclets. They rangebetweeri70,000and100,000.This makesthe
behaior of MACA muchlessacceptabléhanCSMA.

e Our resultsshow thatin generalthe performanceof the systemfalls significantlywith increasedspeedfor all
MAC protocols.However (802.11,/0DV) is still ableto deliver 50% of the pacletsat high speed440 m/s)and
injectionrates(0.0125s).

e Figure8(c)depictsthedistribution of nodedegreesatthreedistincttimesin the simulation. Thenodedegreesdo
shaw avariation,but within limits. This allows routingandMA C protocolsto performmuchbetterthanwhen
thetranscerersmove usingtherandomwaypointmodel.

e Figures8(a)and(b) showv thedistributionsof MAC andRoutinglevel control pacletsfor threedifferentcombi-
nations.Dueto the discussiorabove, the MAC layer protocol considereds always802.11. The routing layer
protocolsusedareAODV, DSRandLAR1 respectiely.

9Thisis dueto thefactthatfairnessneasurds calculatecby takingaratio of thenumberof pacletsreceved for thetwo connections.
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Number of instaces

e Figrues9(a), (b) and (c) shown the performanceof protocolsin termsof threeresponsevariables;Lateng, %
pacletsreceved andlong termfairness.The resultsmake aninterestingpoint: in contrastto recentefforts to
improve the fairnessof MAC protocols[LNB98], the resultsshaw that routing layer canmale a considerable
impacton thefairnesscharacteristicef theseprotocols.
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Figure 8: (ECR mobility, 802.11,and AODV, DSR, LAR schemel.) From left: (a) Distribution of MAC layer
control paclets, (b) Distribution of routing layer control paclets, (c) Distribution of node degreesat threedifferent
simulationtimes.
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Figure9: (ECR mobility, 802.11,and AODV, DSR, LAR schemel.) Fromleft: (a) Lateng, (b) Packetsreceved,
(c) Long termFairness.Thefiguresshav the averagesimulationrun with differentseeds.

7 Concluding Remarks and Futur e Dir ections

We characterizedhe performanceandinteractionof well known Routingand MAC protocolsin anad-hocnetwork
setting.Our resultsandthosein [BS+97 on the designof snoopprotocolssuggesthatoptimizingthe performancef
the communicatiometwork by optimizing the performanceof individual layersis notlikely to work beyonda certain
point. We needto treatthe entire stak as a singlealgorithmic constructin orderto improve the performance.The
statisticalanalysismethodusedn this papersuggestanengineering@pproacho chooseheright protocolcombination
for a given situation. Specifically the analysiscombinedwith the conceptof recommendatiosystemscanbe used
asanautomatednethodfor tuningandchoosinga protocolcombinationif the network andtraffic characteristicare
known in advance.We arecurrentlyin the procesof building suchakernel.

Anotherimplicationof thework s to designnen dynamicallyadaptve protocolshatcanadapto changingnetwork
andtraffic characteristica orderto efficiently deliverinformation.Moreover, evaluationof suchprotocolsasdiscussed
aboveneedgo bedonein totality. Forinstancevhenwe sayoverheadt shouldincludebothMA C androutingoverhead
(in factshouldalsoincludetransportayeroverheadut is beyondthescopeof thecurrentpaper).Also, in orderto draw
meaningfulandrobustconclusiongrom theresultsof suchcomplex experimentsit is almostessentiato usestatistical
tools which are usedextensiely by otherresearchern similar situations. As a next step,we planto undertale a
more comprehensie experimentalstudyinvolving in additionto the MAC androuting protocols,various Transport
protocols.
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